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SUMMARY‘

An saalysishasbeenmadeofavailableexperimentaldatato showthe
effectsofmostofthevariablesthataremorepredominantin determining

. basepressureat supersonicspeeds.Theanalysiscoversbasepressures
fortwo-dimensionalairfoilsandforbodiesofrevolutionwithandwith-
outstabilizingfinsandisrestrictedtoturbulentboundarylayers.The
presentstatusofavailableexperimentalinformationis summarizedas are
theexistingmethodsforpredlctirigbasepressure.

A simplesemiempiricalmethodispresentedforestimatingbasepres-
swe. Fortwo-dh@nsionalbases,thismethodstemsfroman analogy
establishedbetweenthebase-pressurephenomenaandthepeakpressure
riseassociatedwiththeseparationof theboundarylayer.An analysis
madeforaxiallysymmetricflowindicatesthatthebasepressurefor
bodiesofrevolutionis subJecttothesameanalogy.Baseduponthe
methodspresented,estimationsaremadeof sucheffectsasMachnumber,
angleofattack,boattailing,finenessratio,andfiris.Theseestima-
tionsgivefairpredictionsofexperimentalresults.

INTRODUCTION

Theproblemofpredictingthebasepressureat supersonicspeedshas
receivedconsiderableattentioninrecentyearsandseveral“methodshave
beenadvancedrecently(refs.1 to5),someofwhichgivemuchmoresatis-
factoryresultsthantheoldermethods(refs.6 to8). Theworkof Crocco
andLees(ref.l)”givessatisfactoryqualitativepredictionsthroughout
theReynoldsnumberrangeandmayultimatelygivesatisfactoryquantita-
tivevaluesiftheproblemofpredictingtheReynoldsnwnberof transition

lSupersedesdeclassifiedNACAResearchMemorandumL53C02by EugeneS.
Love,1953.

.-
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2 NACATN 3819

inboundarylayersandfreewakesissufficientlyovercomeandif some .
reliablebasicendvalueof thebasepressurecanbe‘usedasa starting
pointinthecalculations.ThesemiempiricalmethodofChapman(ref.2)
hasprovedsatisfactoryforthepredictionofthebasepressureonboat- *
tailbodiesandairfoilswhentheboundarylayerIsturbulent.This
method(ref.2) utilizesexperimentaldataonprofileswithoutboat-
tailing. EdgarCortrightandAlbertSchroederoftheLewisFlight
PropulsionLaboratoryhaveproposeda methodforestimatingthebase
pressureona boattailbodyhavinga turbulentboundarylayerthatuti-
lizesanydatawhichprovidetheseparationangleat thebaseasa
functionofMachnumberaheadofthebase. Existingcomparisonsbetween
thismethodandthatofreference2 appeartoindicatethatbothmethods
give,ingeneral,reasonableagreementwithexperimentalmeasurementsof
boattaileffectsforbodiesof-revolutionandfortwo-dimensiomlair-
foils. ThemethodofCope(ref.4) doesnotappeartogiveas satisfac-
torya predictionasthatofChapmanand,asCopehaspointedout,the
approximationsandassumptionsinvolvedresultina firstapproximation
only. Littleisknownby thepresentauthoroftherecentmethodof
Gabeaudbeyondtheinformationgiveninreference3; therefore,thelimits
ofitsapplicabilityareunknown.Gabeauddoesappeartoconfinehiscom-
parisonstoexperimentaldatafrombodiesofrevolutionwithfinsbut,
sincetheequationasgiveninreference3 includesno termsto coverfin
effects,thevalueofthemethodremainsin question.Themethodof
Kurzweg(ref.~)appearsinadequatesinceitgivesidenticalresultsfor
bothairfoilsandbodiesofrevolution.

To date,considerableexperimentalworkhasbeendevotedtoinvesti-
gationsofbasepressureat supersonicspeeds.Thereportedinvestiga- .
tionsaretoonumeroustomakereferencetoallherein,butreferences9
to 29, inadditionto certainofthosepreviouslymentioned,areexamples -
ofworkthathasbeendoneto determinetheeffectsofvariousvariables
uponbasepressure.References2, 15,16,and23reportinvestigations
inwhichtheeffectsofsupportinterferenceuponbasepressurehavebeen
studied.References2 and15includeinvestigationsoftheeffectsof
disturbancesenteringthewake(ref.2 withstingsupportandref.15
withoutstingsupport).A nmnberofthereferencesshowthevariationof
basepressurewithReynoldsnumberata constantMachnumber.(See
refs.2, 5,,9, lk, 15, 23, 27, and28, forexample.)Theseandother
referencesshowtheeffectsforbodiesofrevolutionof suchinfluencing
variablesas thepresenceoffins,locationoffins,jetflow,noseand
baseshapes,andboattailangle.Reference10andpartsofreferences25
and29areexamplesofstudiesdevotedtoessentiallytwo-dimensional
basepressures.Withthisaccumulationofexperimen~sldataandthecom-
pilationsof datanowinexistence,particularlythosecontributedby
DeanR. Chapman,readyassessmentmaybemadeoftheeffectsofmostof
theprimaryinfluencingvariablesaswellasanevaluationofanymethod .
advmcedtopre~cttheseeffects.However,astillbe shown,thereis
stilla needforexperimentalinformationontheeffectsof certainvari-
ables,particularlythoseassociatedwithfineffectsonbodiesof “
revolution.

!’-l_
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Inthepresentinvestigation,onlybodiesandwingshavingturbulent
boundarylayersaheadoftheirbasesareconsidered.Thisrestrictionto
turbulentboundarylayersisnotsevereforpracticalapplicationsince,
atReynoldsnumbersforfull-scaleaircraftormissiles,thelikelihood
ofrealizinglsminarflowovertheentirebodyorwingisremote,particu-
larlysoforthebody;inaddition,thepresenceof stabilizingfinscauses
transitionevenat lowReynoldsnunibers:(Seeref.15.) Theadvantageof
thisrestrictionisthatitpermitseffectsofReynoldsnumbertobe
ignored.References2, 10,12,and27,forexsmple,haveshownthat,once
a fullyturbulentboundarylayerexistsaheadofthebase,thevariation
inbasepressurewithincreasingReynoldsnunberis small.

Thepurposeofthisinvestigationistomakea summaryanalysisof
availableexperimentaldata,includingsomeresultsobtainedrecentlyin
theLsmgleyg-inchsupersonictunnel,to showtheeffectsofmostof the
variablesthataremorepredominantininfluencingbasepressureandto
advance,wherepossible,simplesemiempiricalmethodsfortheprediction
oftheseeffects.Thesemethods,whiletheymaynotbe significantly
advantageousoverormuchdifferentfrommethodsnowinexistence,are
believedtoshowa moredirectrelationbetweenwskeandbodygeometry.
Furthermore,a tiscousanalogyisestablishedbetweenthetrailingshock
andthepeakpressureriseassociatedwiththesep~ationof theboundary
layer.Thefirstpartofthispaperdealswithtwo-dimensionalbase
pressures.Thesecondpartdealswiththebasepressureonbodiesof
revolutionwithandwithoutfins.

SYM60LS

angleofattack

free-stresmMachmmiber

Machnwnberaheadofbase

staticpressureaheadofbase

dynsmicpressureaheadofbase

Machnumberalm+adof trai15&shock

staticpressureaheadoftrailingshock

-c Pressureaheadoftrailingshock

Machnunberbehindtrailingshock
.
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P2

Pr

P

‘B

D

h

t

c

%2

x

staticpressurebehindtrailingshock

peak-pressure-risecoefficientassociatedwiththeseparation
P2 - PI

oftheboundarylayer,
~1

thecriticalturninganglecorrespondingto Pr fortwo-
dimensionalflow

Pz - Pm
pressurecoefficient,

%0

PB - Pm
basepressurecoefficient,—

%0

basepressure

localpressure

free-streamstaticpressure

free-streamdynamicpressure

boattailangle

anglebetweenfree-streamdirectionandtheedgeofthecon-
vergingwskeinaxiallysymmetricflow

effectivetwo-dimensionalexpansionangleatbaseofbodies
ofrevolution

maximumbodydiameter

basediameter

finthickness

finchord

wakethicknessjustbehindtrailingshock

distancefromtrailingedgeoffintobaseofbody(positive
whentrailingedgeisaheadofbase)measuredparallelto
bodycenterline

.

.,
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N distancebetweenbaseofbodyandapproximatelocationofbase
oftrailingshock,measuredparalleltobodycenterline

L bodylength

R Reynoldsnumber

Y dlstsncefrombodycenterlinemeasurednormaltobody
centerline

$ radialangleoranglebetweenmeridianoffinandanyother
meridian

TWO-DIMENSIONALBASEPRESSURE

AnalogJrtopeakpressureriseassociatedwithseparationofbound-
sxylayer.-Thecompilationof datareportedinreference~ hasestab-
lishedthemagnitudeof thepeak-pressure-risecoefficientassociated
withtheseparationof theboundarylayerona flatplatecausedby a
forward-facingstep. In thatinvestigation,thePrandtlpressure-rise
coefficient(seeref.31) ispresentedintermsof theratioofthe
differencebetweenthestaticpressuresbehindandaheadoftheshock
tothedynamicpressureaheadoftheshock.Thedatacompiledinref-
erence~ andresultsobtainedintheLangleyg-inchsupersonictunnel
(9” SST)andinablowdowntunnel(BT)oftheLangley9-inchsupersonic
tunnelsectionareshowninfigure1. Of theindicatedvariationsof
Pr with R, thegreatestvariationappearstobe proportionalto

R-1/12atmost,whichis considerablylessthanthevariationpropor-
tionalto R-1/5 proposedinreference~. Theleastvariationis
essentiallyzero.Examinationofthesedataandtheirsourcesindicated
that,withintheaccuracyofthetestproceduresemployed,thepressure-
risecoefficientexperiencesalmostno variationwithReynoldsnumber
whentheboundarylayeristurbulentprovidedthestepheight(fig.2(a))
isat leastseveraltimestheboundary-layerthi.ckness2.Forthepur-
posesof thepresentinvestigation,thisvariationisassumedtobe
negligiblesinceitis ofthesameorderasthevariationofbasepres-
surewithReynoldsnumberwhentheboundarylayeristurbulent.

Figure2(a)givesa sketchoftheseparationphenomenaona flat
plate.Sincethesupportedboundarylayer(bounda~layeradjacenttoa
surface)will,whensepsrated,withstsndonlya certainvalueof Pr,

2Sincetheoriginalpublicationofthispaper,additionalexperi-
mentalevidenceconfirmingthisindicationhasbeenobtained.SeeNACA
TechnicalNote3601by EugeneS.Love,1955.
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thereseemslittlereasontobelievethatanunsupportedboundarylayer
(freewake)wouldwithstanda valueof Pr thatismuchdifferent.
Thispressureriseassociatedwithseparationmaybe expressedinterms
thataremoreanalogoustothephysicalcharacteristicsoftheflow
behinda two-dimensionalbase- thatis,theanglethroughwhichthe
externalflowisturnedhasa criticalvalue 5 fora givenvalueof
Ml thatwillnotbe exceeded.Comparisonoffigures2(a)and2(b)shows
theanalogybetweentheseparationphenomenaandtheflowbehindthebase.
On thebasisofthisafilogy,theexperimentalvaluesof Pr asa func-
tionof Ml maybe usedtoobtainthestaticpressureratiop2Pl
acrosstheshockand,thereby,thevalueof 5 maybe calculated.Once
5 isknown,M. isdetermined,andthevariationof thebasepressure
coefficientPB with M. maybe computedfromthevariationof Ml
with Mo. Figure3 presentsthevariationof Pr averagedoverthe
Reynoldsnumberrangefortheparticularvalueof Ml. Thevaluesof
Ml wereselectedonthebasisof theexaminationofthedatadescribed
inthepreviousparagraph.Withtheexclusionofthepointat Ml = 3.03,
alldatawereflat-platedata. Thedatafor Ml = 3.03 wereobtainedby
slidingtwocircularcollarsalonga tubehavinga radiusof1.47 inches.
Theratiooftheradiusofthecollartotheradiusofthetubewas
approximately1.2forthelargercollarand1.1forthesmallercollar.
Valuesof Pr weredeterminedbymeasuringtheinclinationoftheshock
at somedistancefromthetubesurface.Accordinglya correctionwas
appliedtothepointat Ml = 3.03 as indicatedinfigure3. This .
correctionwasobtainedbymeasuringtheangleofflowdeflectionalong
theboundaryoftheseparatedregionclosetothebeginningofseparation. .

Thecalculatedvariationof b with Mo,baseduponthecurve
throughtheexperimentalvaluesof Pr andtheextrapolationbeyond
Ml = 3.03,isshownby thelowercurveinfigurek. Thecorresponding
basepressuresareshownby thesolidlineinfigure~. Alsoshownin
figure~ arethecurvesofabsolutelimitingbasepressure(vacuum),
inviscidlimitingbasepressure(maximum-deflectiontrailingshock),and
thepreviousexperimental-datacompilations.Thepredictedmagnitude
andvariationofbasepressurewithMachnumbercalculatedfromthepeak-
pressure-risecoefficientareseentobe infairagreementwiththeexperi-
mentalresults.Thefactthatthepredictedbasepressureis’slightly
higherthanexperimentmaybe attributedtothelackofexactsimilarity
betweentheinteraction,mixing,andvorticityassociatedwithseparation
causedby a forward-facingstepandthoseassociatedwiththebase

%he dataat Ml = 3.03 inreference30 havesincebeenshownby -
LangeinNACATechnicalNote3065tobe incorrect.Thecorrectionapplied
hereinisoftheproperorderofmagnitude. .
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. phenomenaendthefreewake. An incrementof0.06addedto Pr as shown
by theuppercurveinfigure3 givestheuppercurveof 5 plottedagainst

. M. in figure4 andtheslightlylowerbasepressuresshowninfigure54.

Availableresultsforthepeak-pressure-risecoefficientacrossthe
trailingshockbetid a rearward-facingstephavealsobeenexamined.
Predictedvaluesof PB calculatedfrompressure-risecoefficientsthus
obtainedtendedtobe higherthanexperimentat thelowerMachnumbers
andlowerthanexperimentat thehigherI&chnumbers.Theresultsfrom
theforward-facingstepsappear,therefore,morereliableforpredicting
basepressurethantheres~tsfromtherearward-facingstepwith
va~ng slopeoftheafterbodysurface.Thisconditionwouldseemto
indicatethattheestablishmentofthepositionoftheshockismore
analogoustotheconditionsof thetrailingshockcommontobase
phenomenawhentheturningoftheflowis createdby a separatedregion
ratherthanby a solidsurface.

Effectsofboattailing.-On thebasisof theresultsshowninfig-
ure5,thevariationof 8 with ~ giveninfigure4 maybe usedto
calculatetheeffectsofboattailingontwo-dimensionalairfoilswhere
psb. Since b ismeasuredwithrespecttofree-stresmdirectionand
definesthelimitingturningsingleoftheflowthroughthetrailing
shock,thevalueofboattailangle ~ issubtractedfromthevalueof
8 thatcorrespo&sto theMachnumberimmediatelyahead.ofthebaseto
obtainthevalueof 8 tobe usedincomputingthebasepressure.
(Thisprocedureisthesaneas oneusedby EdgarCortrightandAlbert.
SchroederattheL&is FlightPropulsion~boratory.)

. When ~ exceedsb,thebasephenomenaarecomplicatedlythefact
thattheexpansionwhichexistedat thecornerofthebaseisreplacedby
a compression,orshock.Thebasephenomenathusincludetwoshocks
whosestrengthsareinterrelated.Fora givenconfigurationtheshockat
thecornerofthebasemaybe relatedto thenecessaryconditionsofthe
trailingshock(basedupon Pr asbefore)throughtheusualtwo-
dimensionalshockrelations.So longas thepressureriseacrossthe
shockfromthecornerofthebasedoesnotreach Pr)thisshockis
assunedtoremainat thecorner.However,when p becomessufficiently
lsrge,Pr willhavebeenexceededandtheshockat thecorneris
assumedtohavemovedforyardontothe.boattailorbodysurfaceuntila
pointofequilibriumisreachedforwhichthepressure.riseisequalto
Pr. Forboattailsformedbyflatsurfacesandhavinganabruptbeginning,
suchasa shoulder,theshockatthecornerwillmoverapidly,ifnot

. 4Amorerefinedcurveshowingthevariationof b with ~ has
sincebeenobtainedinNACATechnicalNote3601~d isrecommendedin
preferenceto thatgiveninfigure4 forvaluesof M. ~ 2.4.

—
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immediately,fromthecornertotheshoulderwhen Pr forthisshockis .

exceeded.Consequently,atverylargep thisshockwoulddisappearfor
suchboattailshapessinceat f3= 90° allconditionsare,withinthe
assumptions,identicaltothosefor p = OO.

.
Thebasepressureat large

boattailanglesmust,therefore,tendtoreverttothevalueat ~ = OO.

Inallcalculationsby thepresentmethod,thepressureandMachnwn-
beraheadof thebasearetakenintoaccount.Whenseparationoccurson
theboattail,theMachnumberandpressureaheadoftheseparationpoint
areusedas describedintheprecedingparagraph.

Infigure6, predictionsoftheeffectsofboattailingby thepresent
approacharecomparedwithexperimentalresultsandtheestimatesof
Chapnan.No estimateis shownforthemethodofCortrightandSchroeder
since,whenappliedtotheresultsoffigure4, itgivesanestimate
throughp ~ 8 thatisidenticalwiththepresentestimate.Thebasic
(lower)curveoffigure4 hasbeenusedinthecalculationsforthepresent
estimate.andthecalculatedcurveofbasepressurehas,withoneexception,
beenshiftedtopassthroughthevalueat p = 0,whennecessary,to agree
withtheinitialconditionofChapman’sestimate.Thesaneprocedurehas
beenusedforthecurvesinfigure7 wherecomparisonismadeofthepres-
entestimateandresultsobtainedinreference25. Inthecomparisonsof
figure6 at & = 1.50,thelackofexperimentalresultsat ~ = O pre-
ventsanyreliableassessmentofthemethods.However,thevaluefor
P . 0 isbelievedtobe somewhatlowerthanthatassumedbyChapman,
sinceforlargeboattailanglesthevalueof P~ mustbe approximately
equaltothatfor p = OO. Forthisreasonandon thebasisofresultsto -
bepresentedinfigurb7 at & = 1.41,thepresentestimatehasbeen
fairedasshown. me comparisonsat & = 2.OO infigure6 seemto indi- .
catethatthepresentestimateindicatestrendsthattendtofollowthe
experimentalresults.

Infigure7 thepresentestimateshowsfairagreementwiththe
experimentalvariation.Thefactthatthebasepressuredoesdecrease
noticeablywi.thincreasingboattailangleat & = 1.41 andslightlyat
~ = 1.62 wotildappeartojustifythevalueof F = O assumedforthe
presentestimateat M = 1.50 infigure6. me resdtsoffigure7
indicatethatthepresentmethodofestimationwillgivea fairpredic-
tionofeffectsofboattailing.Boththemethodandtheexperimental
resultsshowthatinthelowerrangeof p increasingtheboattailangle
willdecreasethebasepressurebelowM. = 1.9 andwillincreasethe
basepressurebeyondM. = 1.9. Theestimate,ofChapmanhasnotbeen
includedinfigure7 sinceitgivesalmostzerovariationfromthevalue’ .
at ~=0. Someoftheerraticvariationintheexperimentalvalues
showninfigures6 and7 mayBe duetothefactthatthebaseheightsare

.
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. ofthesameorderasthethicknessoftheboundarylayer,anunavoidable
conditionforthinairfoilswithboattailing.

.
Factorsotherthanthoseaccountedforintheestimationsby the

presentmethodcm affectthereversionofthebasepressureat large
towardthevaluefor p = OO. Thecirculationwithinthewakeandthe
thickeningoftheturbulentwakeboundariesas theyapproachjuncture
would,forvaluesof P whereseparationhasoccurredontheboattail
surface,permitback-pressureeffectsfromthetrailingshocktobe
importszrt.Back-pressureeffectswould(fora given P)alsobe related
totheratioofbaseheighttomaxtiumheight.Forratiosnearzeroit
isobviousthatthebase-pressurereversionmustbe graduslsincethe
baseismovingslowlyawayfroma positionof closeproximityto thebase
ofthetrailingshockwhoseback-pressureeffectswouldtendtomskethe
basepressurehigh. Forratiosnear1.0theseeffectswouldbe negligible
sincethebaseisneverin closeproximityto thebaseofthetrailing
shock.

Angle-of-attackeffects.-Chapmanandothershaveshownthatthe
effectofangleof attackfortwo-dimensionalbaseswithandwithout
boattailingis small,ifnotnegligible,for ~ = 1.5to4.0 andfor
anglesofattackupto9°. AdditionalresultsobtainedintheLangley
9-inchsupersonictunnelareshowninfigures8 to 12 (fig.n(b) excluded)
andincludesomeminorexsmplesoftheeffectsofReynoldsnmber which,
althoughtheyarenotwithintheproposedscopeof thispaper,havebeen
includedto showtheconditionsforwhichtheboundarylayerwasturbu-

. lentaheadofthebase. Themodelconfigwation,whichspannedthetest
sectionofthetunnel,is shownatthetopoffigure8. In allteststhe
verticaldistributionofpressureacrossthebaseofthemodelatthe. midspanstationwasmeasuredandfoundtobe essentiallyconstantat all
anglesofattacksmdatallReynoldsnumbers.Exsmplesofthisdistri-
butionwillbe presentedsubsequently.

Thedataoffigure8 showthatwitha turbulentboundarylayerthe
variationin pB with a is smallsmdthatonce a reachesa value
sufficientto causea compression-at_the_basecorneroftheuppersurface.— —

inc-&-fi-””””&””“iricreasesthebasepressure.Estimationof the
variationin pB with u by thepresentmethodwasmadeat ~ . 2.41
and,as showninfigure8(d),theestimationisingoodagreementwith
theexperimentalresults.(Theestimatedcurvehasbeenshiftedslightly
to allowthevalueat ~ = O tobe ingeneralagreementwiththeexperi-
mentalvalues.)

Figure9 presentssomeobservationsofthephenomenaat ~ = 1.93.. Anexampleofthevortexstreetwhichformsinthewakebehindthe
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trailingshock(reportedinmoredetailinref.10)isshowninfig-
ure9(a). Figure10presentsadditionalobservationsofthebasephe-
nomenaat ~ = 2.41 forvariousanglesofattackandReynoldsnumbers.
Allthephotographsshowthepresenceofthelipshocksthatextend
rearwardfromthecornersofthebase;theseshocksapparentlyarisefrom
thetendencyoftheflowtooverexpandinitiallyas itturnsthecorner,
sothata shockisrequiredtoturntheflowintheCtLrectiondetermined
by themixingboundariesoftheso-calleddead-airregionas shownin
figuren(a). Theinclinationsofthemixingboundariesandthelip
shocksare,therefore,directlyrelatedand,asshowninfigure12,their
inclinationsvarywithReynoldsnumberuntila fullyturbulentboundary
layerexistsaheadof thebase. (Althoughtwo-dimensionalbasesfacili-
tatetheobservationoftheseweaklipshocks,itisofinteresttonote
thatlipshockshavebeenobservedintheflowaboutthebaseofa bodyof
revolution.An exampleof thisisshowninfiguren(b) fora 15°cone-
cylindertestedin a ballisticrsngeintheLangleygasdynsmicslaboratory.
Inaxiallysymmetricflowthelipshocksareseentobe curved.)No attempt
ismadetoaccountforthepresenceoftheseweakshocksintheestimatesof
basepressurein thisreport.

On thebasisoftheconfigurationemployedandtheresultsshownin
figure8, an analogymaybe drawnforthebaseseparatingtwosupersonic
stresmshavingdifferentMachnumbersanddifferentstaticpressuresjust
aheadof thebase. (Forexample,at ~ = 2.41 and a.= 20°, M. = 3.40
ontheuppersurfaceand1.58onthelowersurface.)Iftheparticular
valuesoftheMachnmbersandstaticpressuresoneithersideofa base
aresuchthattheycs.nbe resolvedtoessentiallythesameMachnumberand -
staticpressureby superimposingangleofattack,thenthebasepressure
maybe estimatedbythepresentmethod.

Generalremarks.-Inviewofthereasonablycloseanalogythathas
beenshowntoexistbetweentwo-dhensionalbasepressuresandthepeak
pressurerisethrougha shockassociatedwiththeseparationofthe
boundarylayerfroma flatplate,thereverseoftheproceduremaybe
applied;thatis,measurementsofbasepressuresmaybe acceptedas a
meansof estimatingthepeakpressurerisewithseparationoftheboundary
layer.Investigationofthisanalogyforlsmlnarboundarylayersand
laminarwakesmight,withtheadditionalconsiderationofReynoldsnumber,
leadto,anestablishmentof’theReynold&numberforwaketransitionand
therebysupplyoneofthecriticalvaluesforthepredictionofbasepres-
suretithlsminarboundarylayers.On thebasisofexistingexperimental
resultsandanalyses,itappearspermissibletoassumeforengineering
estimatesthatthebasepressureontwo-dimensionalbodieswillbe
unaffectedby boattailangleorangleof attack.

.
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BASEPRESSUREONBODZESOFREVOLUTION

BodiesWithoutFins

Analogy topeekpressureriseassociatedwithseparationofboundary
layer.- Forbodiesofrevolutionand,therefore,foraxiallysymmetricflow,
thequantitative-logy betweenthepeakpressureriseassociatedwiththe
separationoftheboundarylayerandthebasbpressureisnotreadily
established;however,acceptingtheideathatthepeakpressurerise
determinesthebasepressurepermitsa qualitativesmalogytobe drawn.

Figure13 presentsa sketchoftheflowphenmnenaat thebaseof a
bodyofrevolutionforwhichthevaxiationinMachnumberonthebodysur-
faceis zero.Theconverg~wake(AtoB) isessentiallyconicalandmust
experiencea recompressionalongAB;whereas,fortwo-dimensional,flowthe
convergenceofthewakewouldcauseno changeinpressurefromthatcorre-
spondingto thecompletedexpansionat A. Forthebodyofrevolution,
therefore,thereisa decreaseinMachnumberalong AB suchthatimmedi-
atelyaheadof B thelocalMachnmiberisconsiderablylessthsmwould
be thecasefora two-dimensionalbasewiththessmevalueofMachnumber
at A. Exactlyat B theturningoftheflowmayb.econsideredtwo-
d3mensional;consequently,thetwo-dimensionalpressure-risecoefficient
wouldapplyexactlyat B andthevalue.of Ml wouldbe thatimmediately
aheadof B. Itbecomesobtious,therefore,thatin ordertorealizethe
samevalueof Ml justaheadofthebaseofthetrailingshockfora two-
dimensionalbaseandforthebaseofa bodyofrevolution,eachhaving

.-

thesamedegreeofwakeconvergence,thevalueoftheMachnuuiberaheadof
thebase M. mustbe considerablygreaterforthebodyofrevolution.
Fromtheforegoingreasoningandinviewofthevsriationof b with ~
shownin figure4,thebasepressuresonbodiesofrevolutionwouldbe
expectedtobe considerablyhigherthanthoseontwo-dimensionalbodies
at lowandmoderatesupersonicspeedsandequaltoor slightlylessthan
thoseontwo-dimensionalbodiesathighsupersonicspeeds.

Althoughexperimentalbase-pressureresultstendto confirmthepre-
cedingqualitativeanalysis,quantitativeconfirmationthroughcalculations
basedon Pr is desirable;however,itwouldbe necessarytoknowthe
distanceN (seefig.13).beforeanyreversecalculationcouldbemadeof
theMachnumbervariationfrcm B to A. Thisdistancewouldofnecessity
havetobe measuredfromexperimentalresultsandthelocationofthe
point B mightbe subjectto considerableerror.Forthisreasonand
fromconsiderationof theinherenterrorsinvolvedina reversecalculation
ofthistype(methodof characteristics),no attempthasbeenmadeto apply.
thisapproach.Instead,measurementshavebeenmade,frompublished
schlierenphotographsandshadowgraphs,oftheangle e (seefig.13)

.
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betweenfree-streamdirectionandtheclearlydefinedouterboundaryof .
theconvergentwake. Themainpartofthesemeasurementswasobtained
frcznshadowgraphsmadeby theBallisticResearchLaboratories(BRL),
AberdeenProvingGround,examplesofwhichareshowninreference2. The -
resultsareshownhereininfigure14.

Several valuesof f3and M. fromfigure14wereutilizedin
attemptsto calculatethe~ch numbervariationalongthesurfaceofa
conereplacingtheconvergentwakeinorderto determinewhethera
reasonableapproximationoftherequiredvalueof Ml couldbe obtained
at somestationaheadofthetipofthecone.Themethodof character-
isticswasusedfirstinthesecalculations.Alltheresultsshowedthat,
ifreliablepressuresweretobe obtainedovertherearportionofthe
cone,increasinglymorepointsmustbe addedtothecharacteristicnetas
theconetipisapproached.Becauseofthiscomplication,thecalcula-
tionswereconfinedto M. = 2.00 and e = 10.33°;theresultsareshown
infigure15. Thethirdrefinementtothecalculations,whichgave
44pointsalongtheconesurface,gavea valueof Ml ofapproxtely
1.6oat theconetipas comparedwiththecriticalvalueofabout1.58
determinedfrom Pr. It isdifficulttoestimatewhetherfurtherrefine-
mentstothecharacteristiccalculationswouldlowerthecalculatedvalue
of Ml muchfurther,butthefactthatthevaluethuscalculatedand
thevaluedeterminedfrom Pr areofthessmeorderwouldseemtooffer,
at least,supportforthequalitativeanalogypresentedpreviously.The
lessexactmethodof smallMsturbanceswasusedinseveral30-point
calculationsand,excludingtherearward5 to10percentofthecone
wherethepredictedvaluesbegintoincreaserapidlytowardinfinite
pressureat thetip,theseresultsalsogavevalues of Ml ofthesame
orderas thosedeterminedfrom Pr. Furthermore,theresultsofrefer-
ence15wouldappeartoindicatethatthetheoreticallypredictedposi-
tivepressuresovertherearofa parabolicconvergentafterbodyare
reallzedexperimentally.

RecentlyjmeasurementshavebeenmadeintheLangley9-inchsuper-
sonictunnelof therecompressionalongthesurfaceofa 10°conical
afterbodyprecededby a cylindricalsectionandwitbinthewakebehind
thebaseofa cylindricalsemibodyofrevolutionmountedona .boundary-
layer-removalplate.Theresultsforthe10°conicalafterbodyarepre-
sentedinfigure16andshowclearlythattherecompressionalongthe
conesurfacereachedpositivevaluesandisoftheorderofmagnitude
predictedtheoretically.Figure17presentsthewskepressuresmeasured
on thesurfaceoftheboundary-layerplateforwhichorificeswere
locatedalonganextensionofthebodycenterlineandalonga 10oray
passingthroughtheshoulderofthebase. Althoughthewakepressures
thusmeasuredaresubjecttotheeffectsof thepresenceoftheplate

.
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surface,theyarebelievedtorepresenta reasonablyaccuratepictureof
thetruevariationofthewskepressureswiththepossibleexceptionof
regionsveryclosetothebase. At M = 1.93 a directcomparisonmaybe
madebetweentheresultsoffigures16and17 since,as showninfigure14,
thevalueof e at M = 1.93 isverycloseto 10°. Sucha cmnparison
showsthattherecompressionalongthewakeboundaryisverysimilarto
thatontheconicalafterbodyandthattherecompressiontendstobe
slightlygreaterforthewakeboundary;thus,thecalculatedrecompression
at M. = 2.00 presentedpreviouslywouldappeartobe a conservative
estimate.Theseresultscoupledwiththeprecedinganalysistendto sub-
stantiatetheideathatthepeakpressureriseassociatedwiththesepa-
rationof theboundarylayeris thepredominantfactorin determimlmgthe
basepressureinaxiallysymmetricaswellas twd-dimensionalflow.

me resultsof figure17 appeartobe ofadditional
thattheresultsatallMachnumbersshowthattheoften
of constantpressurewithintheconvergentwakebehinda
tionisnotpermissible.

Simplifledrelationtowakeconvergence.-Theupper

significancein
usedass~tion
bodyofrevolu-

curveoffig-
ure14,througha Machnumberofabout4, isfairedthrou@themeasured
experimentalvaluesofwakeconvergence13presentedasa functionof
theMachnumberaheadofthebase. Thedoublesymbolfora given
measurementrepresentsthelimitsofmeasurementof “f3frombothsides
ofthewake. Allexperimentalpointsrepresentthecaseof zeroboat-
tailing,andnomeasurementsweremadeforbodieshatingfinenessratios
lessthan5. If thecylindricalafterbodywasnotsufficientlylongto
allowtheassumptionthattheMachnumiberaheadofthebasewascloseto
free-streemMachnuniber,theMachnumberaheadofthebasewasdetermined
by themethodof characteristics.Figure18presentsa compilationof
experimentalbase-pressuredataforbodiesofrevolutionwithcylindrical
afterbodies(zeroboattailing)and,also,includesa curverep”resentingthe
compilationof experimentaldataby Chapman.Forseveraloftheexperi-
mentalvaluesofbasepressureintheMachnmnberrangefrom1 to4, the
effectivetwo-dhensionalexpansionangle ~e at thebasewascalculated
andcomparedwiththevaluesof themeasuredaxiallysymmetricexpansion
angle e. Inallinstancesbe wasapproximately85percentof e.
Becauseoftherecompressionthatexistsfrom A to B (seefig.13)
andtheinfluenceofthisrecompressionon thebasepressure,e would
be expectedtobe somewhatlargerthsm be. From ~ = 1 to4 thecurve
of be infigure14wasdeterminedas85percentofthecurveof e.
BeyondM. = 4,thevaluesof be werecomputedfromtheexperimental
valuesofbasepressurefromfigure18andthecurveof e infigure14
wasfal.redas shownby assumingthe85-percentfactortoholdthroughout
theMachnumberrange.It isinterestingtonote’that,withinexperi-
mentalaccuracy,themaximnnvalueof e isabout.eqyalto themaximum
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thebasiccurveoffigure4. Thefactthatthis
furtherweighttotheanalogythathasbeenpre-
existifthebasisfortheanalogyiscorrect.

Thecurveofbasepressurecoefficient~ plottedagainstM.
representedby thevariationof be= 0.85Q againstM. isenteredin
figure18. Forcomparisonwiththeexperimentalresults,curvesof the
absolutelimitingbasepressure(vacuum)andthepredictionofGabeaud
(ref.3)havebeenincluded.Beyond& = 3 thepredictionofGabeaud
is seentogivea goodestimateoftheexperimentalresults.However,
as statedpreviotily,littleisknownofthemethodexceptthemeager
informationofreference3. Allavailableinformationindicatesthat
Gabeaudconfinescomparisonswithhismethodtobodiesofrevolution
withfins.Agreementofthemethodwithresultsfrombodieswithfins,‘
particularlyatMachnumbersbelowabout3,must,asin reference32,
be consideredfortuitomsincetherelationgiveninreference3 Includes
notermstocoverfineffects.Aswillbe shownlater,theseeffects
resultfromcombinationsof severalvariablesandaresignificant.The
onlyconclusionthatwillbe drawnhereisthatthe=thod ofGabeaudis
satisfactoryforbodiesofrevolution(nofins)withturbulentboundary
layersandzeroboattailingfor IQ = 3 orgreater.Whetherthismethod
isintendedtobe applicabletotheseconditionsisnotknown.

Effectoffinenessratioofcylindricalafterbody.-Inthepreceding
discussion,therelationbetweenpB and be wasestablishedfortheMach
numberaheadofthebaseonbodieshavingfinenessratiosof 5 orgreater.
Thefinenessratioofthecylindricalafterbodyforthesebodieswas
always3 orgreater.Forshortercylindricalafterbodiesthevariation
ofthepressurealongthesurfaceofthebodyfromthepointofJuncture
ofthenoseshapeandthecylindricalsectiontothebasecanbe appre-
ciableandisa functionofnoseshapeandMachnumber.As theafterbody
lengthisvaried,theMachnumberandpressureimmediatelyaheadof the
basevaryandthebasepressurewouldbe expectedtovaryaccordingly.
Additionaleffectsuponthebasepressuremayresultfrmnthepressure
field(createdby thenoseshape)actinguponthewakeboundariesbutno
attemptwasmadetoaccountfortheseeffects.In thisapproximation,
therefore,thepredictionof ~ as fineness ratioL/h (or L/D)is
variedbecomessimplya calculationofthepressureandMachnumber
immediatelyaheadofthebaseandtheapplicationofthevalueof be
fromthecurveinfigure14. Inthisandotherdiscussionstofollow,
thepressureandMachnumberaheadofthebasehavebeencalculatedby
themethodof characteristics,unlessotherwisestated.

Figure19presentsresultsofbase-pressuremeasurementsmadein the .
Langley9-inchsupersonictunneloncone-cylinderbodieswithvarying
afterbodylength.Thesemiapexangleoftheconewas150anda transition
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.
stripwaslocated1/2inchaheadoftheshoulder.As shown,theeffectof
varyingReynoldsnumberwassmall.At allMachnumbersthemethodemployed

. givesa reasonablepredictionoftheeffectofafterbodylengthonthebase
pressure.Theslightlyhigherexperimentalbasepressures,as compared
withtheestimates,maybe attributedto theneglectoftheeffectsof the
body-inducedpressurefielduponthewakeboundariesandtotheuseof
artificialtransitionwhichhasbeenshownin severalinvestigationsto
causethebasepressuretobe 5 to 10percenthigherthanthatfornatural
transition.(Seeref.23,forexample.) Whilethecorrelationfactor
(L/h)k-1/5proposedinreference2 seemsJustifiedfora configuration
wherevariationsin L/h havesmalleffectuponthepressureandMach
numberaheadof thebaseand,in suchapplications,is supportedby the
workofCroccoandLees(ref.1),theresultsshowninfigure19indicate
thatapplicationofthisfactortobodieshavingappreciablevariationin
M. and p. with L/h wouldbe questionable.It iS obviousthat L/h iS

by farthepredominantfactorin determiningbasepressureforsuchbodies.
Theresultsforcone-cylinderbodiescorrelatedinreference2 intermsof
(L/h)R-1/5showa correlationcurvethat,becauseofthesmallrangeof
R, resemblesthecurvewhichwouldresultfroman L/h variationonly. If
a particularvalueof L/h wereassumedtohavea lsrgerengeof R in
comparisonwithothervaluesof L/h,itbecomesapparentthata calcula-
tionofbasepressurefromthecorrelationcurveforthisparticularL/h
wouldbe subjectto significanterror.Theresultsofreference23 overa
narrowrangeof R showthatotherinadequaciesexistin thisformof
correlationforbodieshatingvaryingM. and PO with L/h.

.

Figure20presentsreproductionsof shadowgraphsobtainedinm
. investigationat theBallisticResearchLaboratories,AberdeenProving

Ground,reportedinreference18. Themodelswerecone-cylindershating
varyingafterbodylengthsas shownandsemiapexanglesofapproximately
10°. Free-streamMachnumberwas1.84. TheMachnumberaheadofthe
base M. is indicatedforeachmodel. (Thevalueof M. forthecone
correspondstoa vanishinglyshortafterbody.)Enteredontheshadow-
graphsarethetangentstothewakeboundariesthatwereusedtomeasure
El and thecorrespondingvaluesof e. Thegeneralagreementbetween
thesevaluesof 0 andthevaluesgivenby thechve offigure14at
thecorrespondingMachnumbersaheadof thebasetendstogivefurther
indicationthattheeffectofvaryingafterbodylengthuponbasepressure
isessentiallytheresultof thevariationinMachnumberandpressure
aheadof thebase.

Infigure21 thecompilationof experimentaldata
fora cone-cylinderof ~ = 7 andthecalculationsby

wakemeasurementsarecomparedwiththepresentmethod
.

by Chapman(ref.2)
Chapmanbasedupon

forpredictingthe
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effectofafterbodylength.Alsoincludedforcomparisonisthecurve
representingtheconditionfor M. a ~ asgiveninfigure18. The
presentmethodgivesa goodpredictionthroughouttherangeofexperi-
mentaldatawiththeexceptionofthelowestMachnumbers.Inthis
vicinity,however,thenoseshockisapproachingdetachmentandthe
resultingvariationsinentropyand,possiblymoreimportant,thevaria-
tionsinbasepressureduetotransoniceffectswouldbe expectedto
causesignificantdeviationsofexperimentfromeitherofthemethods.
Theestimatedvariationsoffigure21 alsoindicatethattheeffectof
shorteningtheafterbodydecreaseswithincreasingMachnmnber.

Effectsofboattailirig.-Inthesectionontwo+mensionalbase
pressures,theeffectofboattailingwhen B ~ 5 wasshowntobe reason-
ablyestimatedby subtracting~ fran 5. Foraxiallysymmetricflow,
however,theapplicationofthesamemethod(i.e.,be - p)wouldbe
expectedtobe inadequateexceptforlargeratiosofbasedismeterto

(
maximumdiameterh/b. As ~+1 closelytheuseof (be- P)as an

approachwould,aspointedoutby CortrightandSchroeder,be inadequate
sinceinthelimittherewouldbe no influenceoftheboattailuponthe
basepressure.)As h/D decreasesfromnear1 to0,with P heldcon-
stant,P~ variesaccordingtothevariationof Mo.with h/D,which
formostboattailconfigurationsisappreciable;thesametypeofpres-
surevariationthatexistsalongthesurfaceof theboattailhasbeen
showninfigure17to existalongtheboundaryof theconvergentwake
behindthebase- forexsmple,from A to B infigure13. Consequently,.
theassmnptionismadethat ~ ismodifiedby somefactorK andthatthe
quantityK~ istobe subtractedfrom be. ThefactorK, therefore,rep-
resentsessentiallya conversionof ~ froma three-~mensionaltoa two- ‘
dimensionalboattailinorderthatitmaybe usedwith be,a two-
dimensionalquantity.An additionalassumptionismadethat.thevariation
of K with h/D islinear.Thelimitsfor K areestablishedas follows:
when ~ . 1

D’
K = 1 sincetheexpansionexactlyatthebeginningof the

boattailis two-dimensional; when ~ = (),K . 0.85 sincetheempirical
D

conversionfactorof 0 to be is0.85(thelatterlimitmaybemore
readilyvisualizedby consideringB > 0). Thereareobviouslyother
effectsofvaryingh/D thatinfluencePBjsuchas thoseMscussedin
thesectionon two-dimensionalbases,whichmaketheabovelimitsof K
a roughapproximationonly,particularlythelimitat ~ . 0. Forthe

D
particularcaseof +0 and ~~0, thebasewouldlienearthebaseof

thetrailingshock.Inaddition,thediametricalandaxialpressurevaria- -
tionintheso-calleddead-airregionbehindthebaseisgreaterfora
three-dimensionalthanfora two-dimensionalbase. m indicationofttis .
conclusionmaybe seeninfigure22wherethepressuredistributionsacross
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. a two-dimensionalbaseanda cylindricalbaseofa p~’abolicbodyof
revolutionwithfins(bodyofref.15forwhichfineffectswerenegli-

. gible)arecompared.TheseresultsarefromtestsintheLangley
9-inchsupersonictunnel.Thedistributionacrossthetwo-dimensional
baseisseentobe almostconstant,whereasthecylindricalbase
experiencesappreciablevariationsneartheedges.Thevariationacross
thecylindricalbasewouldseemto confirmtheresultsofforcetests
whichhaveshownthatpressuresmeasured-nearerthecenterofbaseson
bodiesofrevolutionaremorereliableforbasedragestimations.
Althoughno axialpressureresultsareavailablefora two-dimensional
base,thelargeaxialpressurevariationsofthetypeshowntoexist
behinda three-dimensionalbase(fig.17)obviouslydonotexistin a
two-dimensionalwake;otherwise,therewouldbe negligibledifferencein
thebasepressureforaxiallysymmetricandtwo-dimensionalflow.

Infigures23,24,and25theresultsof severalexperimentalmeasure-
mentsoftheeffectsof conicalboattailingarepresented,andinfigure26
someaccumulatedresultsofmeasurementsontheNACARM-10missilearepre-
sentedandcomparedwiththeresultsobtainedby thepresentmethod.For
computingPB when p > 13,theprocedureemployedin thetwo-dimensional
analysiswasusedWith K~ and be. In figure23,comparisonofthe
variousmethodsandtheexperimentalresultsfornegativeboattailing
(simplecones) showsthatallmethodsarefairpredictionsofvariation
andmagnitude.Fornegativeboattailhg,thepresentmethodrevertsto
finding~ fora cone-cylinderbodywherethecylinderlengthbecomes
zero.Forpositiveboattailing,allmethodsarefairpredictionsof trend
andmagnitudethroughB x 10°,althoughthepresentmethodindicatesa
variationthatis slightlymoreinagreementwithexperiment.For p >10°

. thepresentmethodtendsto indicatethelevelingoffsmdthedecreasein
P~ thatmustoccur;theexperimentalvalueshavealsobegunto leveloff.

In figure24,thepresentmethodis comparedwiththee~erimental
resultsofandthemethodofCortrightandSchroeder.Thepresentmethod
wasbaseduponthreemethodsemployedby CortrightandSchroederforcal-
culatingtheMachnumberaheadofthebase. Thecomparisonshowsthatthe
predictionisverymuchdependentuponthemethodusedforcalculatingMo.
BoththemethodofCortrightandSchroederandthepresentmethodgive
fairpredictionsoftheeffectof ~ andtheeffectof h/D. Theeffect
ofincreasingh/D is seentoincreasewithincreasingj3.Thepresent
methodappearstogivea slightlybetterpredictionof thevariationof
P~ with P for h– = 0.704,butthismaybe fortuitous,

D
fortheexperimentalresultsat B . 5.63° the.boundary

- inadvertentlythickened.

inpart,since

layerwas



18

Figure
$orvarious

NACATN 3819

2~(a)presentsexamplesofthecalcul.atedsurfacepressure
boattailanglesat & = 3.24,andinfigure25(b)theexperi-

mentalresultsofreference7 arecomparedwiththepresentmethod.Again -
thedependenceofthepresentmethoduponthetheoryemployedtocalculate
M. isevident.Thepredictionbaseduponthemethodofcharacteristics
is incloseagreementwiththeexperimentalresults.

In figure26 fairagreementissh&n inmagnitudeandvariation
betweentheresultsofthepresentmethod,forwhichthevalueof M. was
calculatedby thetheoriesofLighthill(ref.33)andofJonesandMargolis
(ref.34),andthecompilationofexperimentaldatafortheNACARM-10
missile(parabolicbody)fromreferences14,27,35,and36. On thebasis
of thiscomparison,thepresentmethodwouldseemsatisfactoryforesti-
matingbasepressureonbodieswhoseboattailsarenotnecessarilyconical.

Angle-of-attackeffect4.-Ingeneral,theinitialeffectofangleof
attackforbodiesofrevolutionistocausea decreaseinbasepressure
untilseparationontheleesideoftheafterbodybecomesappreciable
(usuallynear a = 15°). Furtherincreasein a appearstocausea slight
increaseinbasepressureuntiltheangleofstillisreached(oftheorder
of a = 350). Indicationsarethatat stallthebasepressureexperiences
a decreaseand,withincreasein a beyondthatforstall,remainsfairly
constant until ~~”; near a = 90° thebasepressuremustobviously
increase.BothbodyshapeandMachnumberappeartohavesignificant
effectsuponthevariationof PB with a. Allthedataexsminedfor
u>6° weresubjectto sting-interferenceeffects;however,a preliminary
investigationconductedintheLangley9-inchsupersonictunnelindicated
thatstingsupportsdesignedaccordingtoexistingstandardssoasto have
smalleffectat a = 0° (seerefs.2, 15,16,and23)maybe expectedto -
haveequallysmalleffectat anglesofattackup toabout600.

Inorderto assessthepossibilitiesoftheuseofthepresentmethod
toestimateangle-of-attackeffects,theNACARM-10body(nofins)was
selectedsinceconsiderableexperimentalresultsexistforthisconfigura-
tion. (Seerefs.35and36,forexample.) AS a pointofpossibleinterest,
alltheavailableexperimentalresultsfortheRM-10bodytendto indicate
tkt therateof decreasein pB with a,becomeslesswithincreasing~,
evenforthelowervaluesof ~. TheexperimentalresultsfortheRM-10
bodyat ~ = 1.49 are$howninfigure27(a)andarecomparedwiththe
variousestimates.As a crudefirst-orderestimate,theintegratedaverage
valueof M. wascalculatedby usingthemethodofJonesandMargolis
(ref.34)todeterminethevalueof P justaheadofthebaseat a = 0°
andthemethodofAllen(ref.37)to determinetheradialpressuredistri- .
butionatthebase. At eachvalueof a, theintegratedaveragevalueof
M. thusdeterminedwasusedto calculatepB. AS showninfigure27(a),
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theresultsindicate
isconsiderablyless

19

a decreasein PB with a,buttherateof decrease
thanexperiment.Thiscrudeestimatedoesnottake

intoaccountthepossibilitythata portionof theleesurfaceaheadof
thebasemayhaveexceededbe,a conditionthathasobviouslyoccurredat
thehigheranglesofattack.A secondandmorerefinedestimatewasmade
withthisconditionaccountedforby thessmemethodemployedto estimate
boattaileffects;thatis,ateachradialangle @ thevalueof PB was
determinedby accountingfortheboattailangleandtheeffectiveangleof
attack.At each a itwasassumedthatthepressureon thebodysurface
aheadofthebasewasconstantbeyondthevalueof @ forwhich be was
exceeded.(Seefig.27(b).) Theintegratedaveragevalueof PB was
calculatedinthismsmnerforeach a. Thevariationof PB with a
fromthissecondestimateis infairagreementwiththeexperimental
results.Alsoshownforcomparisonis thevariationof pB with a
esthatedby assumingthat ~ changesaccordingto thechangein.P at
@ = 90° asgivenby themethodofAllen.Thegeneralagreementbetween
thisformofestimationandexperimentwasfirstnotedinreference35
andwasconcludedtobe somewhatfortuitous;thesameconclusionisreached
hereforanglesofattackbeyondthatforseparationontheleesideofthe
body,butforanglesofattacklessthanthatforseparationthisestimate
shouldgivea fairapproximationsincethevariation-in~ onthelee
sideof thebodytendstobe offsetby thevariationon thewindwardside.

InAllen’smethod(ref.37)thetermswhichrepresenta effects
areindependentofMachnumber,butit is clearthatthismethodcannotbe
usedforestimatingPB at~ch nubersmuchgreaterthan2 becauseit
givesa variationwhichwouldyieldvaluesof P~ lessthantheabsolute
limit(Vacul.ml).At veryhighMachnwbers (& s 7)Ferri’sconetheory
extendedto thebodysurfacewouldseemtobe applicable.A methodappli-
cabletotheintermediaterangehasnotbeenfound.

BodiesWithFins

Problemingeneral.-Theadditionoffinstoa bodyofrevolutionmay
ormaynothaveanappreciableeffectonthebasepressure.Theprimary
variablesthatmayinfluencethebasepressurethroughthepresenceofthe
finsare:“free-streemMachnumber,nuniberoffins,fin.section,finloca-
tion,finthicknessratio,bodydismeter,.finsweepback,endfinspan.
Bodyshapemd boattailingwill,of course,interactwiththeabovevari-
ablesto affectthebasepressure.Therehavebeennumerousbase-pressure
investigationsofbodieswithfinsbutrelativelyfewto investigatethe
fineffects.Examplesof thelattermaybe seeninreferenceslJ2,17,17,
and26.
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Configurationforprincipalanalysis.-Theconfigurationwhichseems -
topredominateinmostexperimentalinvestigationsisthatofrefer-
ences12,17,and26. Additionalunpublisheddatafora similarconfigu-
rationhaverecentlybeenobtainedintheLangley9-inchsupersomlctunnel -
endarepresentedherein.Thebasicconfigurationconsistsofa cylindrical
bodyequippedwithan ogivalnoseandfourequallyspa-ted10-percent-thick
finshavingsymmetricalcircular-arcsectionsandrectangularplanforms.
me ratiooffinspantobodydi.smeteris 3.5,theratiooffinthicknessto
bodyithmeteris0.15,andthetrailingedgesofthefinsarecoincident
withthebase. Theoriginalfull-scalemodelsweretestedinfreeflight
endwerereportedoninreferences12and17. Inreference26, a fore-
shortenedmodelwastestedina windtunneltodeterminetheeffectsoffin
location,finthickness,smdnumberoffins.ForthetestsintheLangley
9-inchsupersonicwindtunnelthenoseofthebodywasconicalbutwasfar
enoughaheadofthefinstohavenegligibleeffectonthebasepressure
fromnoseshape.Inaddition,thebodyextendedonefinchordbehindthe
fintrailingedge.Measurementsweremadeofthepressurefieldon the
bodysurfacecreatedby thepresenceofthefins. Lessextensivedirect
measurementsweremadeoftheeffectsof finlocationonbasepressure.

EffectsoffinlocationandMachnumber.-Figure28presentsthe
resultsof thepressuremeasurementsonthebodysurfaceatfree-stresm
Machnumbersof 1.93 and2.41forReynoldsnmnbersofapproximately
3 X 106and12X d. ForthelowerReynoldsnumberlaminarflowexisted
aheadofthefin-bodyjuncturewhichcausedturbulentflowinthemanner
describedinreferetice15. At thehigherReynoldsnumbernaturaltransi-
tionoccurredconsiderablyaheadofthefin-bodyjuncture.Theresultsat -
~ = 1.93 showthatReynoldsnumberhadlittleeffectonthebodypres-
sures,whereasat & = 2.41 thehigherReynoldsnumbergaveconsistently .
higherbodypressures.

In ordertodeterminewhetheranaverageMachnumberaheadofthe
basecouldbe usedtopredictthebasepressure,thesurfacepressure
coefficientsoffigure28 forthehigherReynoldsnumberwereemployedto
obtaintheintegratedaverageMachnumberaheadofthebaseshownin fig-
ure29. Thevaluesof x/c definethelocationwithrespecttothebase
ofthetrailingedgeof thefinintermsoffinchordandagreewiththe
conventionusedinreference26. Thevaluesof PB showninfigure~
werecomputedby utilizingthepresentmethodforpredictingbasepres-
sures.Inreference26 experimentalvaluesof PB wereobtainedatMach
numbersof1.5and2.0 withvaryingx/c. Thesevaluesmaybe subject
tosomeeffectsfromnoseshape,particularlyforthelargepositive
valuesof x/c,sincetherelationofthebody-alonepressuredistribution
(forI& = 2.00)to thegeometryoftheconfigurationisas shownin fig- .
ure31. However,a preliminaryinvestigationoftheeffectofbodylength
inreference26 seemsto indicatethattheseeffectswouldbe small.nso, -
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as showninfigure31, atnegativex/c thebaseofthefinsprotruded
intothedead-airregionbehindthebaseandmayhavesomeeffecton the
experhentalvaluesof pB. Fromthecomparisonstofollow,however,these.
effectswouldalsoseemtobe small.

Figure32presentsseveralcomparisonsofpredictedandexperimental
valuesof ~ forthebodywithfinsas x/c isvaried.Thee~erimental
resultsobtainedinreference26 at ~ = 1.50and2.00 areshownas the
short-dash-long-dashcurvesextendingovera rsmgeof x/c= il. A com-
parisonof thecurveat & = 2.00withthecalculatedcurveoffigure~
for ~ = 1.93 indicatedan almostexactpredictionofthevariationin
basepressureifthecalculatedcurvewereshifteddownstreamby an inter-
valof x/c= 0.5. Thecalculatedcurveshiftedby thisamountis shown
infigure32. Althoughtheagreementinvariationwith x/c isgood,the
predictedvaluesofbasepressurefor l& = 1.93 wouldappeartobe
slightlyhighwhencomparedwiththeexperimentalvaluesfor & = 2.00.
At l& = 2.41 theexperimentalmeasurementsof PB wereconfinedto
positivex/c. Thoughthejustificationisnotas strongas forthepre-
viouscomparison,a shiftofthepredictedcurvedownstreamby sm interval
of x/c= 0.6 givesa generalagreementwiththeexperimentalvariation
intheoverlappingrangeofpositivex/c. Asbefore,thepredicted
valuesofbasepressurearesomewhathigh.

In spiteofthe“shortcmningsoftheabovecomparisons,severalindi-
cationsofvariousfineffectsareshown.Themostimportantfin~nghere
seemstobe that,whereasforbodieswithoutfinsincludingthoseof small
finenessratiothebasepressuremaybe reasonablypredictedwhentheMach
numberandpressureaheadofthebaseareknown,forthebodywithfinsof
thisinvestigationtheintegratedaverageMachnumberaheadofthebase
predictsthepropervariationofbasepressurewithfinlocationonlywhen
thepredictedvsxiationis shiftedrearward.Consequently,theconclusion
maybe drawnthattheeffectsofthepressurefieldscreatedby thefins
haveappreciableeffecton thewakeboundariesbehindthebaseandmustbe
takenintoaccount.Inaddition,themagnitudeofthepredictionof pB
fromtheintegratedaveragevalueof M. isoftherightorderwhenthe
distancethroughwhichthepredictedcurvemustbe shiftedisknown.The
effectofincreasingMachnuaiberisto lessenthefineffectsat a given
valueof x/c andtoextendfartherdownstreamtheregionof influence
fromthefins;bothoftheseeffectswouldbe expectedsinceincreasing
theMachnumberreducesthicknesseffectsandcausestheregionsof distur-
bancefroma pointtobe sweptfartherback. Rromtheresultsoffigure32,
theeffectof increasingbodydiameterwhileallotherparametersareheld
constantmaybe reasonedtoresultgenerallyina reductionof thefin
effectsuponthebasepressure.
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Effectsof thicknessratioSINIsweepbackoffi”ns.- Figure33presents -
thevariationinbasepressureresultingfroma variationinthickness
ratioof thefinsforthisconfiguration.Alldataarefora finposition -
of x/c= o. Theeffectof increasingt/c in decreasingthebasepres-
sureis seentobe significszrt.Alsoindicatedisthereductionof this
effectfromincreasingMachnumber.Inviewoftheseeffects,giving
sweepbackto thefinswould,inmostimtances,decreasethefineffects
uponbasepressuresince,effectively,thethicknessratioofthefin
parallelto thebodysurfaceisreduced.Theresultsofreference17when
comparedwiththeresultsofthepresentinvestigationforsimilarfin
locations,andwithproperconsiderationofthicknessas showninfigure33,
demonstrateclearlythereducedfineffectsresultingfromsweepingthefins
back45°. Figure34givesanexampleof therelativelysmalleffectsof the
~~~sof theNACARM-10missile,whichare10percentthickandsweptback
Uu .

Someestimationsoffineffects.-Insmeffortto determinewhether
thepressurefieldduetothefinsfortheconfigurationunderdiscussion
couldbe approximatedreasonablyby simplePrandtl-Meyertheoryand,
thereby,tomakesomecrudeapproxhationsof thefineffectsonbasepres-
surefor x/c= O overtheMachnumberrangeoftheresultsofrefer-
ences12and17,theintegratedaverageMachnumberaheadofthebasewas
determinedby graphicallyconstructingtheexpansionfieldabouta finat
& = 2.00 fora rangeof x/c= *1. Theresultingestimationof PB
(shifteddownstreamby x/c= 0.7 asbef~~ i:,rrbe~dt~~ure 32and
comparedwiththeexperimentalresults. = = -1.0 the .
estimationisfair.Thehighpressuxepeakbeyondx/c= -1.0 appears
invalid,althoughit isa crudepredictionof trend;thevaluesfor x/c> 0
areunsatisfactory.On thebasisofthefairpredictionfrom x/c=Oto .
x/c= -1.0,thismethodhasbeenusedinthepredictionstobe discussedin
thefollowingparagraph.

Figure37 presentsa comparisonofthefree-flightresultsforthe
configurationunderdiscussion(fromref.1.2)andtwopredictionsutilizing
thepresentmethodbasedupontheIntegratedaverageMachnumberat certain
x/c“ stations.Alsoincludedforcomparisonarethewind-tunnelresults,
withandwithoutfins,fromthetestsintheLangley9-inchsupersonictun-
nelandthosereportedinreference26;thecurvefromfigure18forthe
bodyaloneisalsoincludedinfigure35. Referringagaintofigure32,the
amountof displacementinthepredictedcurvesnecessarytobringthemin
linewiththeexperimentalvariationsisseentobe almostequivalentto
thenegativevalueof x/c atwhichtheminimumbasepressureoccurs.
Oneofthepredictedcurvesoffigure35 (estimateA) isbaseduponthis
displacement.Thelocationoftheminimumbasepressureatnegativex/c
plottedagainstMachnumbergivesessentiallya linearvariationwith E&, -
acdthisassumedlinearvariationhasbeenusedtoselectthevalueof x/c
forwhichtheintegratedaverageM. wascalculatedforestimatingPB.
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Forexsmple,at M = 2.00 the valueof x/c tobe usedisabout0.51,and
atM= 1.50 it isapproximately0.4. (Thestationsforcalculationmust
be positivesincethecurveisalwaysshiftedtotheright.)Essentially,
therefore,thevalueof M. thusobtainedcorrespondstoa stationbehind
the.baseandalonga fictitiousextensionofthebodysurfaceand,in this
regard,supportsthemethodofChapman(ref.2).

Theotherpredictedcurveinfigure35 (estimateB)wasobtainedby
a somewhatdifferentmethodin thatthestationbehindthebase,butalong
a fictitiousextensionofthebody,waschosendifferently.Inreference2,
measurementsweremadeofthewakethicknessbehindcone-cylinderbodies
offinenessratio5. Thefairedcurvefromthesemeasurementsis shownin
figure36(a)intermsofbasediameter.Thewakethickness%2 was
measuredjustbehindthetrailingshocksinceinthisregion%2 is
almostconstantandiswelldefined.Thesevaluesof %2 havebeenused
withthevaluesof e fromfigure14to calculatean approximationof the
locationofthebaseof thetrailingshockin termsofbodydlsmetersfrom
thebase. Theresultsareshowninfigure36(b).(Itisinterestingto
notethat,although%2 and Elmayvaryappreciablywith ~, the
approximatelocationof thebaseofthetrailingshockexperienceslittle
chsmge.)Theassmptionwasmadethatdisturbancesfromthefinswould
haveno effecton PB beyonda valueof x/c correspondingtotheloca-
tionofthebaseofthetrailingshockthusdetermined.Thestationbehind
thebasealongthefictitiousbodyextensionselectedforcalculatingM.
washalfwaybetweenthebaseofthebodyandthebaseofthetrailing
shockor,ifthelastexpansionfromthefindidnotreach x/c= N/h
(low~), thestationwashalfwaybetweenthebaseandtheintersection
ofthelastexpansionfromthefinwiththeextendedbody(meridian45°
frommeridianoffin).

As showninfigure35 the formerestimate(labeledestimateA) is
moreinagreementwithexperimentat thehigherMachnumbers,whereasthe
latterestimate(estimateB) tendstobe moresatisfactoryat thelower
Machnumbers.EventhoughtheseapproAnationsarebasedon simple
approaches,bothgivea fairestimationof thefineffects.No calcula-
tionsweremadebelow l& = 1.5 sincetheleading-eilgeshockonthefins
isneardetachment.Shockdetachmentandtheinteractionoftheshocks
fromoppositefinsmayexplainthereasontheexpertientalresultslevel
offat the”hwer Machnumbers.Allthewind-tunnelbasepressuresfor
thebodywithfinsarelowerthanthefree-flightresults.Thebody-
aloneresultsme infairagreementwiththecurvefromfigure18with
thepossibleexceptionof thepointat IQ = 1.5. Alsoindicatedis the
decreaseinfineffectsasMachnuniberincreases.
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It ispossibletovisualizethatforcertaincon- .

havesmallornegligibleeffectonbasepressure
Machnmnbersarereached.Forexample,a fin .

couldbe ofsucha designandsolocatedwithrespecttothebasethatat
lowMachnumbersonlysmalleffectswouldbe experiencedby PB because
ofthelocalizationoftheregionofprimaryinfluence.At higherMach
numbersthedownstreamextensionoftheregionofprimaryinfluencecould
causea decreaseinbasepressure.Sucha variationhasbeenmeasuredin
thevicinityof & = 2.6 onfree-flightmodelswithfinsandreportedin
reference20.

Thereisa needforadditionalexperimentalinformationontheeffects
ofthevariablesassociatedwithfins~ponthe
thesimplifiedapproachpresentedhereingives
pressurescreatedby thefins,a morerigorous
to analyzethefineffects.

CONCLUDINGREMARKS

basepressure.Eventhough
fairapproximationsofthe
methodwouldaidinattempts

A smmaryanalysishasbeenmadeofavailableexperimentaldatato
showtheeffectsofmostofthevariablesthataremorepredominantin
influencingbasepressureat supersonicspeedsontwo-dimensionalbases
andonthebasesofbodiesofrevolutionwithandwithoutfinshaving
turbulentboundarylayers.Inthisanalysisanattempthasalsobeen
madetoshowthepresentstatusofavailableexperimentalinformationon
basepressureandthemethodsforitsprediction.

A simplesemiempiricalmethodispresentedforestimatingbasepres-
surewhich,fortwo-dimensionalbases,stemsfroman analogyestablished
betweenthebase-pressurephenomenaandthepeakpressureriseassociated
withtheseparationof theboundarylayer.An analysisismadeforaxially
symmetricflowwhichindicatesthatthebasepressureforbodiesofrevo-
lutionis subjecttothessmeanalogy.Baseduponthemethodspresented,
estimationsaremadeofsucheffectsasMachnumber,angleofattack,
boattailing,finenessratio,andfins. Theseestimationsarefairpredic-
tionsofexperimentalresults.

Thereappeartobe fewsystematicinvestigationsoftheeffectsof
finsuponbasepressure.Thecomplexityofthisproblemandthemany
variablesinvolvedwouldseemtowarrantequal,ifnotmore,attentionin

.

.

.
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z e~erimentalandtheoreticalinvestigations
bodieswithoutfins.

.

LangleyAeronauticalLaboratory,

25

than that beingdevotedto

NationalAdtisoryConmitteeforAeronautics,
LsmgleyField,Vs.,March5,1953.
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Reynolds number, R

Figure 1.- Effect of Reynolti number upm the pesk-pressw-fise coeffi-
cient amociated with the separationof a turbulentboun~ @@r on
a flat plate.

.



NACATN 3819 31

Shock ~ Expansion

M,
PI
q

*

P2-13Pressure-rise coefficient, Pr = ~1

(a)Sketchof separationphenomenaona flatplate
causedby a forward-facingstep.

Expansion

MO
Po Shock

(b)Sketchofphenomenabehinda two-dimensionalbase.

Figure2.-Analogy betweenflowphenmenaforforward-facingstepand
two-dimensionalbase.
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Figure9.- Flowphenomenabehindtwo-dimensionalbase.Mm = 1.93.
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Exgxmsionfan7 ~Lip shock

(a) Two-dimensional base,
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(b) Bodyof revolution.
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L-77945

Figure11.- Thelip-shockphenanenaoccurringat thebaseofbodiesat
supersonicspeeds.
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Figure16.- Recompressionovera 10°conicalafterbody.a = 0°.
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Figure 22.- Comparison of the pressure cUstributionsacroes a two-
UI
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Ummelonal base and the bafieof a body of revolution.
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Figwe 23. - Effects Gf conicalboattailingupon base pressure for several
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Figure 24.- Effectsofconicalboattaillngandcut-offle~h uponbase
pressure.Mm = 1.91.
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Figure 25.- Effects of conicalbcettslling upon base pressure. Mm = 3.24.
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Figure 26.- Effects of Mach number upon the base pressure of the
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Figure 27. - Effects of angle of attack upon the base pressure aud the estimatedvalue
of the rw?idlan for separationof flow at the base for the NJICARM-10 body (no
fins). t.Q= 1.49.
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Figure28.-Fineffectsuponbodypressures.$ = 0.10;~ = 0.15.
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Figure28.-Concluded.
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FY.gure29.- Effect of fin location upon the Integratedaverage Mach mmiber
ahead of the baae M..
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Figure 31.- Pressure dlstribut.ionat ~ = 2.00 over the body alone for
the configurationof reference26 (lO-caliberogive with cylinder).
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Figure32.- Measurementsandestimationsoftheeffectsoffinlocation
uponbasepressureat severalMachnumbers.
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.gure 33. - Effects of f’in thickness ratio Figure 34.- Effects of fins upon the base
of circular-arcfins upon the base pressure of the NACA RM-10 missile with

pressure at x = O (zero sweepback). tvarying Mach nwnber. ~ = 0.10;
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600sweevback.
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Figure 35.- Fin effects upon bsse pressurewith varyingMach number.

L = 0.10; ; = O; zero sweepbsck.c
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(a) Variationof wake thicknesswith tin-r.

Machnu mbef, Mm

(b) Variatlmof location of base of trailQ shock wj.thw h-r.

Figure 36.- Approximationsofwakethicknessandlocationofbaseof
traildngshockwithvaryingMachnvniber.


